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Abstract 
 
Objective: Freezing of gait (FOG) is a brief, episodic phenomenon affecting over 
half of people with Parkinson’s disease (PD) and leads to significant morbidity. 
The pathophysiology of FOG remains poorly understood but is associated with 
deficits in cognitive function and motor preparation.  
 
Method: We studied 20 people with PD (10 with FOG, 10 without FOG) and 
performed a timed response target detection task while electroencephalographic 
data were acquired. We analysed the data to detect and examine cortical 
markers of cognitive decision making (P3b or centroparietal positivity, CPP) and 
motor readiness potential. We analysed current source density (CSD) to increase 
spatial resolution and allow identification of distinct signals. 
 
Results: There was no difference in the P3b/CPP response between people with 
PD with and without FOG, suggesting equivalent cognitive processing with 
respect to decision-making. However, the FOG group had significant difference 
with an earlier onset and larger amplitude of the lateralized readiness potential. 
Furthermore, the amplitude of the lateralised readiness potential correlated 
strongly with total Frontal Assessment Battery score. 
 
Conclusions: The difference in lateralized readiness potentials may reflect 
excessive recruitment of lateral premotor areas to compensate for dysfunction of 
the supplementary motor area and resultant loss of automatic motor control. 
This early, excessive recruitment of frontal networks occurs in spite of 
equivalent motor scores and reaction times between groups.  
 
Significance: The saturation of frontal processing mechanisms could help explain 
deficits in attentional set-shifting, dual-tasking and response inhibition which 
are frequently reported in FOG. 
 
 
 
Keywords: Parkinson's Disease, Freezing of Gait, Decision Making, Motor 
Preparation, EEG, Current Source Density, Event Related Potentials. 
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Highlights 
• Analysis and theoretical framework allowing interpretation of decision and 
motor preparation signals. 
• Differences in motor preparation potentials between PD with and without FoG 
but not decision signals.  
• The amplitude of the motor preparation potential correlates with Frontal 
Assessment Battery scores. 
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1. Introduction: 
 
Freezing of gait (FOG) is a brief, episodic phenomenon, characterised by the 
“absence or marked reduction in forward progression of the feet despite the 
intention to walk” (Nutt et al., 2011). This paroxysmal symptom affects over half 
of people with Parkinson’s disease (PD) over time (Giladi and Nieuwboer, 2008) 
and is closely associated with falls and admissions to nursing homes (Bloem et 
al., 2004). The pathophysiology of FOG remains poorly understood but freezing 
is closely associated with deficits in motor parameters, such as stride time, gait 
symmetry and rhythmicity (Killane et al., 2015) and cognitive impairment, 
especially, executive dysfunction (Maruyama and Yanagisawa, 2006, Amboni et 
al., 2008). Executive function is impaired in PD with FOG (FOG+) compared to 
those without FOG (FOG-). There are specific deficits in divided attention 
(Spildooren et al., 2010, Tard et al., 2014), set-shifting (Shine et al., 2013b), 
response inhibition (Cohen et al., 2014) and conflict resolution (Vandenbossche 
et al., 2012). Although cognitive dysfunction probably plays a significant role in 
its pathogenesis, objective quantitative measures of cognitive dysfunction in FOG 
are lacking. Neuroimaging studies in FOG cannot directly infer cognitive 
dysfunction and standard neurocognitive batteries such as the Montreal 
Cognitive Assessment (MoCA) and Frontal Assessment Battery (FAB) remain a 
relatively insensitive way to assess cognition. Electroencephalography (EEG) can 
be helpful in the study of freezing as the high temporal resolution allows 
accurate detection of brief neural responses detectable during paroxysms of 
freezing (Handojoseno et al., 2012, Thevathasan et al., 2012, Handojoseno et al., 
2013, Singh et al., 2013, Shine et al., 2014, Toledo et al., 2014, Velu et al., 2014). 
However, no EEG study in FOG has examined decision-making tasks which 
require motor output. 
 
Event-related potentials (ERPs) are EEG surface potentials generated by a 
psychophysiological event, often a sensory stimulus, and are electrophysiological 
indicators of cognitive function. The “classical” P3b potential is a large-amplitude 
global reference ERP with a positive peak around 300–600 msecs following a 
task-relevant stimulus (Sutton et al., 1965, Polich, 2007). More recently, the 
equivalent term “centroparietal positive potential” (CPP), generated by different 
analysis methods, has been used to describe this potential (O'Connell et al., 
2012). The precise neural substrates of the P3b/CPP are not understood. 
However, P3b abnormalities correlate with executive dysfunction (Kindermann 
et al., 2000), response conflict and response inhibition (Groom and Cragg, 2015) . 
All of which probably have a central role in FOG (Vandenbossche et al., 2012, 
Cohen et al., 2014). Recently, the P3b has also been shown to be involved in 
decision making in response to sensory stimuli (Twomey et al., 2015). This signal 
increases in amplitude as sensory information accumulates before, reaching a 
threshold at which a response is executed. P3b latency is increased in PD 
compared with healthy controls and correlates with disease severity and 
cognitive dysfunction (O'Donnell et al., 1987, Toda et al., 1993, Katsarou et al., 
2004, Matsui et al., 2007). No study to date has examined whether differences in 
these measures exist between FOG+ and FOG- in PD. 
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ERP analysis can also be used to study the electrical correlates of motor 
preparation. The readiness potential, also known as the Bereitschaftpotential, is 
a movement-related cortical potential preceding voluntary or goal-directed 
movement (for a review of movement potentials in Parkinson’s see (Georgiev et 
al., 2016)). It reflects electrical activity in the motor cortex, premotor area (PMA) 
and supplementary motor area (SMA) (Shibasaki and Hallett, 2006). This 
negative potential has to reach a certain threshold before movement or EMG 
activity is triggered. Readiness potentials for self-initiated, but not externally 
triggered, movements are attenuated in PD and correlate with reduced regional 
blood flow in the SMA (Jahanshahi et al., 1995). This SMA dysfunction may be 
compensated for by lateral premotor activation (Cunnington et al., 1995). 
Dysfunction of the SMA may be integral to the pathophysiology of FOG (Nutt et 
al., 2011), however there has been no study of readiness potentials in FOG to 
date.  
 
Freezing is characterized not only by the arrest of movement but also by  the 
initial intention to move(Nieuwboer and Giladi, 2013). For this reason, we 
hypothesized that motor initiation in FOG- and FOG+ will be different.  Even 
simple motor tasks require both decision-making and motor preparation. Of 
note, freezing is associated with both cognitive and motor deficits.  We 
performed an EEG-based analysis on FOG- and FOG+ to simultaneously analyse 
cognitive ERPs and motor readiness potentials. We hoped to deduce whether 
impairments in cognitive processing or motor initiation (or both) differentiates 
FOG- from FOG+. In order to separate the decision making and motor 
preparation cortical signals, we used a spatial filter known as the current source 
density (CSD) to increase the spatial resolution of the data. This method employs 
a local reference point, thus reducing interference from remote sources and 
current diffusions through the skull, leading to better spatial resolution 
compared with the global reference used in standard ERP approaches. CSD has 
been shown to separate these two signals in healthy participants (Kelly and 
O'Connell, 2013). These methods are described in detail below and we highlight 
their importance in ERP analysis in PD.  
 
 
2. Methods: 
2.1. Participants: 
We recruited 20 people with PD (as defined by the UK Brain Bank Criteria 
(Hughes et al., 1992), Hoehn and Yahr stage II-III) from the Movement Disorder 
clinic at the Dublin Neurological Institute at the Mater Misericordiae University 
Hospital. Ethical approval was granted from the hospital ethics committee and 
informed consent was obtained from all participants. All patients underwent 
clinical and neuropsychological testing including Montreal Cognitive Assessment 
(MoCA), Frontal Assessment Battery (FAB) and Unified Parkinson’s Disease 
Rating Scale III (UPDRS III). FOG status was recorded for all patients based on by 
observation of a movement disorder specialist  and Question 1 of the New 
Freezing of Gait Questionnaire (“Did you experience a freezing episode over the 
past month?”) (Nieuwboer et al., 2008). All participants had normal corrected 
vision and were tested in the “on”-state. 
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2.2. Stimuli and Procedure: 
Participants were seated comfortably and performed a two-stimulus oddball 
task consisting of a flashing green cross presented randomly on a 55” LCD 
monitor. This visual stimulus consisted of either vertical (standard) or 45° 
rotated (target) green crosses presented for 500 msecs on a complex 
background. The standard stimulus was presented 80% of the time and the 
participant was instructed not to respond to this stimulus. For the remaining 
20%, the target stimulus was presented and participants were instructed to 
press the button with their right hand as soon as the target stimulus was seen. 
The standard and target stimuli were presented with random interstimulus 
intervals of between 250 and 750 msecs. A single trial of 300 seconds was 
performed for each participant. Participants were instructed to minimize head 
movements during the trial. 
 
2.3. Data Acquisition: 
We recorded synchronous electroencephalographic (EEG) data in all participants 
using a 128-channel BioSemi ActiveTwo EEG acquisition system during the task. 
Electrodes were placed using an adapted extension of “10-20” arrangement 
according to the Biosemi designed equiradial system 
(http://www.biosemi.com/headcap.htm) and amplified at source by the internal 
pre-amplifier. Data were recorded at a digitization rate of 2048 Hz with an open 
pass-band from DC to 150 Hz. The desktop PC sent triggers (to indicate when 
oddball paradigm stimuli were presented) to the receiver box via a parallel cable. 
The EEG data and triggers were then visualised with Actiview (Biosemi) 
software on a separate notebook. 
 
2.4. Data Analysis: 
2.4.1. Behavioral 
We acquired button press responses during the recording of the EEG and 
processed them offline using MATLAB (Mathworks, Natick, MA). Reaction time 
(time between stimulus presentation and button press response, RT) means and 
standard deviations were calculated for each participant. Only trials with 
reaction times falling within 200ms and 1000ms of target presentation were 
considered valid.  As the data are from a clinical population with a hypokinetic 
movement disorder, significant inter- and intra-subject variability in reaction 
time was expected. The data were submitted to an unpaired t-test to assess 
group reaction time differences. 
 
2.4.2. EEG Analysis 
Using custom MATLAB scripts, we downsampled the continuous data to 512Hz 
and band-pass filtered offline between 0.1 and 30Hz (6 dB/octave).  We then 
epoched the filtered data to both standard and target stimuli as well as to button 
press responses. This allowed examination of both stimulus-locked and 
response-locked ERPs. Epochs of 1000ms with 200ms pre-stimulus were 
extracted from the data. An automatic artifact rejection criterion of ±100μV was 
applied across all electrodes in the array, and channels with a standard deviation 
of <0.5μV were rejected. We rejected trials with more than 5 artifact channels. In 
trials with less than 5 such channels, any remaining bad channels were 
interpolated using the nearest neighbor spline (Perrin et al., 1989). The epochs 
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were baseline corrected with respect to 200ms pre-stimulus period. Average 
responses were calculated for each group to assess for the presence of between-
group differences in amplitude of the components.  
 
To increase spatial selectivity and minimize volume conduction the ERP data 
were converted using a Laplacian transformation to calculate the second spatial 
derivative of the potentials known as the current source density (CSD) (Perrin et 
al., 1989), with the units microvolts per meter squared (µV/m2). The matlab CSD 
toolbox was used to compute the scalp surface Laplacian (Kayser and Tenke, 
2006). This step was introduced to improve spatial resolution in order to better 
discriminate between frontocentral motor preparation signals and 
centroparietal decision-making signals (Kelly and O'Connell, 2013). Separate 
plots and averages were generated for responses to the target stimulus and to 
the standard stimulus.  
 
To investigate decision making, activity over central parietal (CPz) area was 
chosen to represent the stimulus locked target and standard P3/CPP component, 
indicated by the three electrode locations (blue dots corresponding to electrodes 
A2, A3 and A4 in the 128 Biosemi ABC electrode layout) in the head schematic in 
Figure 1 and Figure 2. To investigate unimanual motor preparation, a lateralized 
readiness potential (LRP) was calculated by subtracting the activity over the left 
frontocentral (FC4 corresponding to electrodes D3, D4 and D5 in the 128 
Biosemi ABC electrode layout) scalp from the right frontocentral (FC3 
corresponding to electrodes C3, C4 and C5 in the 128 Biosemi ABC electrode 
layout) scalp indicated by the electrode locations in red and green dots, 
respectively in the head schematic in Figure 2. Given the dense recording 
montage for the planned comparisons and figures, each site of interest is 
represented by an average of the three nearest electrodes. This process serves to 
increase the signal-to-noise ratio. 
 
For the stimulus-locked conditions, the average peak amplitude was 
encapsulated by a 200 msec time window around the mean group reaction time 
of 554ms. Group-related differences in the P3/CPP mean amplitude (suggesting 
group differences in decision making) were statistically assessed by two-way 
repeated measures ANOVA with factors of group (FOG-, FOG+) and condition 
(Target and Standard).  Greenhouse–Geisser corrections were applied when 
appropriate. Group-related differences in the LRP amplitude were statistically 
assessed by unpaired t-tests. To test for differences in the LRP onset between 
groups (suggesting group differences in motor preparation) unpaired t-tests 
were conducted at each time point. To control for Type I errors a period of 
statistical significance was only considered if an alpha criterion of 0.05 or less 
was obtained for at least, ~21ms, 11 consecutive time points (Guthrie and 
Buchwald, 1991).  
 
2.4.3. Regression Analysis 
There is a close association between executive dysfunction and FOG. To explore 
the relationship between the electrophysiological marker of motor preparation 
(the LRP) and the Frontal Executive Battery score, a regression analysis was 
performed on the entire PD group. An important confounder in many FOG 
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studies is disease duration. Therefore, the multiple linear regression was 
calculated to predict the LRP amplitude based on the patients total FAB score 
and disease duration. 
 
2.4.4. Bayes Factor Analysis 
The Bayes factor analysis provides a measure of evidence for one model versus 
another (Dienes, 2016), here it is used to investigate evidence for the null 
hypothesis (that there is no difference in PD with and without FOG) or the 
alternative hypothesis (that there is a difference in PD with and without FOG). 
The JZS Bayes factor was computed using the R package BayesFactor using the 
default effect size of 0.707 (Rouder et al., 2009). A JZS Bayes factor can be read 
such that a JZS Bayes factor greater than 1 favours the null hypothesis over the 
alternative hypothesis, while a JZS Bayes factor less than 1 is the opposite. 
 
3. Results: 
 
3.1. Demographics 
The demographic and neurocognitive data for the PD cohort (divided by FOG 
status) is given in Table 1. 
 
 FOG- FOG+ 
N 10 10 
Age (years) 62.5 (7.9) 65.3 (7.6) 
Gender (M:F)* 4:6 8:2 
H&Y stage (median) 2.3 (0.35) 2.6 (0.37) 
Disease Duration (years)* 7.0 (3.6) 13.5 (9.1) 
UPDRS 29.1 (14) 28.3 (9.7) 
MOCA 26.1 (2.9) 24.3  (2.9) 
FAB* 17.3 (1.3) 15.2 (2.6) 
 
Table 1. Patient Demographics by FOG status. Means shown with standard deviation 
in parentheses. * indicates statistically significant difference between groups on an 
unpaired t-test. FOG- = People with Parkinson’s disease without FOG; FOG+ = 
People with Parkinson’s disease with FOG; H&Y stage = Modified Hoehn & Yahr 
stage; UPDRS III = Unified Parkinson’s Disease Rating Scale III total; MOCA = 
Montreal Cognitive Assessment total; FAB = Frontal Assessment Battery total 
 
3.2. Behavioural data 
There was no significant difference in mean reaction times (time between 
stimulus presentation and button press response) between the ten PD without 
FOG (FOG-: blue) (M= 546.0, SD=72.95) and the ten with FOG (FOG+: grey) (M= 
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562.2, SD=57.02) conditions; (t(18)=-0.5527, p = 0.58760, JZS Bayes Factor 
=2.25). The JZS Bayes Factor analysis indicated that the null hypothesis (no 
difference in RTs between PD with and without FOG) was 2.25 times more likely 
than the alternative hypothesis. These means are shown in Figures 1 and 2 by 
vertical dashed lines. Similarly, there was no significant difference in the 
standard deviation of reaction times for FOG- (M=84.1, SD=28.6) and FOG+ 
(M=86.4, SD=24.53) conditions; (t(18)=-0.1967, p = 0.84, JZS Bayes Factor 
=2.482).  
 
3.2.1. EEG Analysis: Cognitive Decision Making Potentials 
Figure 1 shows the mean and standard error of the mean (SEM) of the standard 
(green) and target (red) CSD response for both the FOG- group and FOG+ group 
(Figure 1) for three electrodes over central parietal scalp (blue dots). To assess 
difference in the amplitude of the P3/CPP, we submitted the mean amplitude 
response from 454ms to 654ms to a mixed repeated measures ANOVA with the 
factors group (FOG-, FOG+) and condition (target, standard). The analysis 
revealed a main effect of condition (F(1,18)=34.332, MSE=5573.1, p <0.001, JZS 
Bayes Factor =0.001) with no effect of group (F(1,18)=0.357, MSE=131.91, 
p=0.55, JZS Bayes Factor =2.217) or interaction of group and condition 
(F(1,18)=0.505, MSE=81.99, p=0.486,   JZS Bayes Factor =2.1). The JZS Bayes 
Factor analysis indicated that the null hypothesis (no difference in amplitude of 
the evoked potential between PD with and without FOG) was 2.22 times more 
likely than the alternative hypothesis. A more robust measure of this parameter 
is achieved by subtracting the response to the standard stimulus from the 
response to the target stimulus. The difference between target and standard 
responses for FOG- (blue) and FOG+ (grey) are shown in Figure 2 which shows 
no significant difference between groups (t(18)=-0.068, p = 0.95, JZS Bayes 
Factor =2.51).   
 
-------------------------------------------------------------------------------------------------------- 
Place Figure 1 around here. 
-------------------------------------------------------------------------------------------------------- 
 
 
3.2.2. EEG Analysis: Motor Preparation Potentials 
Figure 2 shows lateralized readiness potential CSD waveforms, the subtraction 
target response over left (green dots) and right (red dots) frontal areas, for the 
FOG- (blue) group and the FOG+ (grey) group. To investigate motor preparation 
differences between the groups the lateralized readiness potential (LRP) was 
calculated. The mean amplitude response from 454ms to 654ms was submitted 
to an unpaired t-test, the analysis revealed significant amplitude differences 
(t(18)=2.388, p<0.05, JZS Bayes Factor =0.39988) between freezers (FOG+) and 
non-freezers (FOG-). To investigate the onset of differences between groups in 
the LRP for each time point was submitted to an unpaired t-test. Time points of 
statistical differences in the LRP between the FOG+ group and the FOG- group 
are depicted as markers running along the bottom of the plot. The group 
difference in onset occurs just after 350ms and continues until just before the 
mean response time indicated by the dashed vertical lines.  
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Figure 2 also shows the CSD scalp distribution of the target response centered at 
554ms over 200ms for the FOG- group (top) and FOG+ group (bottom). The 
distributions show clear positive peaks over central parietal scalp for both 
groups consistent with the CPP response. Over frontal sites there were also left-
right lateralized differences consistent with a lateralized readiness potential 
which was more prominent in the FOG+ group than the FOG- group. The high 
spatial resolution of the CSD method allows these signals to be clearly identified 
and localized. For comparison, Figure 2C shows the scalp distribution for the 
target response using the standard ERP method for the FOG- group, top and 
FOG+ group, bottom. The distributions show clear positive peaks over central 
scalp consistent with the P3b response which was more prominent in the FOG- 
group than the FOG+ group. Importantly, the frontal lateralized differences are 
obscured using the standard ERP method due the lower spatial resolution.  The 
analysis presented here is replicated using a standard ERP approach in the 
Supplementary Figures for comparison. Of note, the ERP method suggests a 
significant difference in P3b amplitude between FOG+ and FOG-. This could be 
due to volume conduction from the frontal lateralized readiness potential. The 
CSD method employed here allows separation of these two distinct signals. 
 
-------------------------------------------------------------------------------------------------------- 
Place Figure 2 around here. 
-------------------------------------------------------------------------------------------------------- 
3.3. Regression analysis 
Disease duration, Frontal Assessment Battery (FAB) score and gender differ 
significantly between FOG- and FOG+ (Table 1). To explore the relationship 
between the mean LRP from 454ms to 654ms and the FAB score taking disease 
duration into account, we performed a regression analysis on the entire PD 
cohort (Figure 3). The multiple linear regression was calculated to predict the 
LRP amplitude based on the patients total FAB score and disease duration. A 
significant regression equation was found (F(2, 17) = 6.12 , p < .01), with an R2 of 
0.419. The LRP predicted amplitude is equal to -79.958 + 4.155 (FAB) -
0.178(disease duration). Total FAB score was a significant predictor of LRP 
amplitude (t(19)=3.329, p<0.005). Disease duration, however, was not a 
significant predictor of LRP amplitude (p=0.644). Furthermore, there was no 
significant regression between the FAB score and disease duration (F(1, 18) = 
0.583 , p =0.455, JZS Bayes Factor =2.03581), with an R2 of 0.031.  Separate 
regression analyses showed no correlation between LRP amplitude and markers 
of disease severity (Hoehn & Yahr stage and Unified Parkinson’s Disease Rating 
Scale III score). Thus LRP amplitude is not associated with overall motor 
performance in PD. 
 
-------------------------------------------------------------------------------------------------------- 
Place Figure 3 around here. 
-------------------------------------------------------------------------------------------------------- 
 
 
 
4. Discussion: 
  
11 
 
Freezing of gait is associated with deficits in perceptual, motor and executive 
dysfunction. The underlying pathophysiology remains incompletely understood. 
The standard ERP analysis (shown in the Supplementary Figures) suggests 
significant differences in P3b morphology between FOG- and FOG+. However 
better spatial resolution of CSD analysis reveals two distinct signals: a 
centroparietal positivity (equivalent to P3b) which is unaffected by FOG status; 
and a motor lateralized readiness potential (LRP) which occurs earlier with a 
greater (more negative) amplitude in FOG+ than in FOG-. These results will be 
discussed separately. These findings highlight the importance of cautious 
interpretation of ERP data in PD and show that motor preparation may be the 
primary deficit in FOG. These motor preparation differences occur even in the 
absence of any difference in motor performance (UPDRS III score and reaction 
time). 
 
4.1. Event-Related Potential Analysis: 
The most common method of analyzing neurophysiological responses to stimuli 
is event-related potential (ERP) analysis. The primary objective of our study was 
to examine differences in cortical markers of cognitive and motor function 
between FOG- and FOG+. Given the close association executive dysfunction and 
freezing, one would expect significant differences in cortical markers between 
groups.  The CSD increases spatial resolution and shows two separate signals: a 
slow-rising negative potential in the frontal region (the lateralized readiness 
potential), associated with motor preparation(Shibasaki and Hallett, 2006); and 
a centroparietal positivity (CPP), the transformed equivalent of the P3b 
(Twomey et al., 2015). 
 
The P3b is intricately linked with cognitive performance (Pelosi et al., 1992), 
especially to rapid allocation of attentional resources (Reinvang, 1999). The P3b 
is associated with context updating, stimulus classification and decision making 
in response to sensory stimuli (Twomey et al., 2015). These associations are 
relevant to FOG as FOG correlates with executive dysfunction, especially, divided 
attention and dual-tasking (Spildooren et al., 2010, Tard et al., 2015).  Multiple 
studies have shown increased P3b latency in PD correlating with cognitive 
dysfunction (Goodin and Aminoff, 1987, O'Donnell et al., 1987, Toda et al., 1993, 
Bodis-Wollner et al., 1995, Katsarou et al., 2004, Matsui et al., 2007), disease 
severity (Silva Lopes et al., 2014) and impaired activity of daily living (Maeshima 
et al., 2002). However, our Bayes factor analysis of CSD data suggests that there 
is no difference in the P3b/CPP response between FOG- and FOG+, implying 
similar cognitive processing in decision-making among both groups. This is 
surprising considering the FOG- group had higher frontal executive (FAB) scores 
than the FOG+ group.  
 
4.2. Cognitive Decision Making Potentials: 
The standard (global reference) ERP topoplots in Figure 2C suggest that there is 
a difference in the spatial distribution of P3b between groups, with a more 
localized signal over the centroparietal area in FOG- and a more diffuse 
amplitude distribution in FOG+ extending into the right frontal area. The CSD 
topoplots (Figure 2B) shows that the P3b signal is composed of two separate 
signals: a centroparietal positivity (CPP) and the lateralized readiness potential. 
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No difference in CPP morphology exists between groups. Volume conduction 
from this second negative signal and the choice of the global reference could 
result in an underestimation of the P3b amplitude in an ERP analysis and lead to 
apparent differences in P3b between people with PD and healthy controls 
(Verleger et al., 2013). This highlights the advantage of CSD analysis in PD to 
separate the signals and reduce volume conduction from frontal cortical activity 
which could lead to a possible misinterpretation of ERP results (Kelly and 
O'Connell, 2013). Motor potentials have previously been noted to interfere with 
P3b morphology during simple tasks such as a button press (Salisbury et al., 
2001). To our knowledge,  only one other study has employed CSD analysis in PD 
(van Wouwe et al., 2014). Standard ERP analysis has a lower spatial resolution 
than CSD analysis. The ERP analysis in the Supplementary Figures suggests that 
P3b amplitude is larger in FOG- than in FOG+ and incorrectly suggests 
differences in cognitive processing. Our CSD analysis allowed us to separate 
these two distinct signals elucidating a greater understanding of their roles. 
 
4.3. Motor Readiness Potentials: 
The second signal, the frontal negativity, is a readiness potential (or 
Bereitschaftpotential) which is defined as the cortical activity which precedes 
voluntary self-initiated movement (Shibasaki and Hallett, 2006). We analysed 
the readiness potential as a lateralized readiness potential from the CSD signal at 
a pair of standard frontocentral sites by subtracting the signal contralateral to 
the response from the signal ipsilateral to the response. The lateralized 
readiness potential is, therefore, a measure of unimanual motor readiness. Our 
results show the onset of the lateralised readiness potential is earlier and the 
resultant amplitude is greater in the FOG+ group (Figure 3), yet there is no 
difference in reaction times. This suggests that patients with FOG probably 
recruit more resources (probably from lateral premotor areas, as discussed 
below) in order to achieve the same reaction time as those without FOG. The 
correlations between cortical electrical potential amplitude and neuronal firing 
(Whittingstall and Logothetis, 2009), cortical thickness(Liem et al., 2012), 
cortical surface area (Elvsashagen et al., 2015) and the blood oxygen level 
dependent (BOLD) response (Zaehle et al., 2009) imply indirectly that the 
differences in LRP amplitude seen here are due a greater amount of cortex 
generating the response in that area. It is important to note that these 
differences in motor preparation are seen in the absence of any difference in 
overall baseline motor performance (UPDRS III score) between groups. This 
suggests that motor preparation occurs earlier and to a greater degree in FOG+ 
than FOG-, even when the task is not challenging. Furthermore, the amplitude of 
the lateralized readiness potential correlates strongly with total FAB scores 
(Figure 3), indicating a link between impairments in motor preparation and 
executive dysfunction in FOG. 
 
4.4. Motor preparation in PD: 
Initiation of movement is crucially dependent on the supplementary motor area 
(SMA). Given that the SMA receives significant dopaminergic input from the 
basal ganglia (via the thalamus), it is often postulated that known motor 
preparation deficits in PD arise primarily from SMA dysfunction (D'Ostilio et al., 
2013). Motor readiness potentials have been studied in PD previously (Dick et 
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al., 1989, Shibasaki and Hallett, 2006). Dick et al. recorded motor readiness 
potentials in PD patients off-medication during a simple motor task and showed 
that the very early component of the readiness potential (not recorded in our 
study) was reduced in the PD group but a later component (corresponding to the 
readiness potential discussed herein) was larger than in healthy controls (Dick et 
al., 1989). It was proposed that the reduced early component corresponded to 
SMA underactivity and that the compensatory augmentation of the later 
potential was due to overactivity in lateral premotor areas(Praamstra et al., 
1996). Of note, people with PD initiate movement earlier in response to a visual 
cue than an internally generated volitional movement (Praamstra et al., 1996). 
This is achieved by initiating motor preparation in response to partial sensory 
information. As a result, lateralized readiness potentials in response to visual 
stimuli begin earlier in PD patients than in healthy controls (Praamstra et al., 
1998) thus achieving reaction times comparable to healthy controls for cued 
motor tasks, but at the expense of a greater number of errors. Response selection 
and motor preparation occur concurrently and inhibition of a response post 
initiation pf motor preparation may be required. Deficits in such inhibitory 
control are common in PD (Obeso et al., 2011) and, especially, in patients with 
FOG (Vandenbossche et al., 2012). Hence, altered motor preparation occurs in 
PD via a compensatory shift from SMA activation to activation of a larger area of 
cortex including lateral premotor areas in order to facilitate movement. Of note 
deficient coupling between the lateral premotor areas, SMA and the primary 
motor cortex is reinstated by levodopa in PD (Herz et al., 2014). 
 
4.5. Motor preparation in FOG: 
Motor readiness potentials have not been studied in FOG to date. However, 
deficits in motor preparation have been a central hypothesis in the 
pathophysiology of FOG. Freezing commonly occurs at gait initiation and 
rhythmic knee trembling is often seen during freezing episodes. This may 
represent excessive anticipatory postural adjustments (fine adjustments in 
lower limb muscle groups which are integral in maintaining balance during 
movement preparation) due to compensation via altered SMA-mesencephalic 
connections (Jacobs et al., 2009). This is the basis for the decoupling model of 
FOG which proposes a dissociation between a pre-planned motor program and 
motor initiation, leading to a breakdown of controlled movement. Hence, SMA 
dysfunction is proposed to be central to FOG pathophysiology (Nutt et al., 2011). 
Functional MRI studies have shown reduced SMA activation in FOG+ while 
turning (Gilat et al., 2015) and structural and functional connectivity studies 
confirm altered connectivity between SMA and motor cortex (Canu et al., 2015) 
and between SMA and the subthalamic nucleus in FOG+(Fling et al., 2014). The 
differences in lateralized readiness potentials seen in the FOG+ group in our 
study may reflect excessive recruitment of lateral premotor areas to compensate 
for SMA dysfunction. Furthermore, Vandenbossche et al. showed that people 
with PD and FOG rely more on automatic response activations and hence, are 
less able to suppress automatic responses than non-freezers (Vandenbossche et 
al., 2012). Impairments in attentional set-shifting (Naismith et al., 2010, Shine et 
al., 2013b) and dual-tasking (Spildooren et al., 2010, Peterson et al., 2014) occur 
in FOG. Clearly, excess cortical and subcortical recruitment required to perform a 
simple task, makes inhibition of an undesired response difficult, and hinders 
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rapid shifting between tasks or undertaking two tasks concurrently. Such limited 
flexibility of processing is seen PD and FOG (Shine et al., 2013a) but also in 
healthy older adults (Malcolm et al., 2015). Dual-tasking in healthy subjects 
requires activation of extensive cortical networks which include the SMA and 
premotor areas (Sigman and Dehaene, 2008). When dual-tasking in PD is 
compared to healthy controls, greater activation of multiple cortical areas, 
including premotor areas, is required (Wu and Hallett, 2008). These areas are 
involved in simple motor preparation, it is likely that excessive interference will 
occur. Excessive activation during movement in FOG+ has also been shown in 
imaging studies (Fasano et al., 2015). fMRI studies reveal increased activation 
within frontoparietal cortical regions during freezing of gait (Shine et al., 2013a) 
or freezing of upper limb movements (Vercruysse et al., 2014). However, 
experiments with complex or bimanual motor tasks have revealed these changes 
(Peterson et al., 2014). Our results show that these responses occur even with 
simple motor tasks such as a button press.  
 
4.6. Information overload: 
As mentioned above, Twomey et al. have recently proposed that the P3b (and by 
extension, the centroparietal positivity) represents a decision variable in 
response to information accumulation from sensory stimuli building to a 
threshold when a response is executed (Twomey et al., 2015). Moreover, the rate 
of this build-to-threshold determines the speed of response. However, the 
lateralized readiness potential has similar build-to-threshold dynamics and 
interacts with the CPP (Kelly and O'Connell, 2013). Thus, both CPP and LRP build 
in response to presented sensory information before a motor response (such as a 
button press) is triggered. Such a threshold concept is an attractive model given 
that a “sequence effect” is often observed in people with PD and FOG (Iansek et 
al., 2006, Chee et al., 2009) whereby gradual scaling of motor output is observed 
until a threshold is reached below which freezing occurs. This threshold model of 
FOG (Plotnik et al., 2012) can be demonstrated in upper limb movements of 
freezers (Vercruysse et al., 2012) and can be used to trigger freezing with rapid 
small steps or stepping in place(Snijders et al., 2008). 
 
The motor task used here is a simple one. During more complex tasks such as 
locomotion it is likely that excessive recruitment would require extensive 
attentional resources in order to walk through a doorway and could lead to 
breakdown of motor function. Increased (and possibly disorganized) 
compensatory motor readiness could lead to significant interference, especially 
in the face of a competing cognitive/motor task or a complex sensory 
environment. The neural reserve (interference) model of FOG, proposed by 
Lewis and Barker, formulates FOG as a breakdown of processing of concurrent 
motor, cognitive and limbic inputs through a deficient basal ganglia with a 
smaller capacity for parallel processing (Lewis and Barker, 2009). Recently, Beck 
et al. examined FOG while walking towards a doorway and concluded that FOG 
may be the result of an overload of cognitive and sensory information (Beck et 
al., 2015). Our findings show explicitly that excessive motor processing occurs 
upstream at the cortical level, leading to a greater amount of information for 
processing. This effect is likely to be exaggerated by multiple cognitive tasks or 
complex sensory inputs.  
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Both executive dysfunction and motor preparation are thought to be central to 
FOG pathophysiology, however few studies have linked these two entities. 
People with PD progressively lose automatic (habitual) control of movement. 
This can be compensated for by recruiting frontal networks leading to an over-
reliance on goal-directed motor control. It has previously been suggested that 
the apparent executive function deficits seen in PD could be due to overloading 
these frontal networks in the setting of loss of automatic motor control 
(Redgrave et al., 2010). We have shown that as executive function worsens the 
lateralized readiness potential enlarges. Thus, the aberrant motor preparation in 
FOG may require both loss of basal ganglia-SMA connectivity and frontal 
executive dysfunction. Alternatively, the loss of automaticity in PD and the 
resultant reliance on goal-directed control could lead to an overload on frontal 
processing mechanisms causing a secondary apparent impairment in executive 
function (rather than a primary deficit in executive function). Either way, the 
correlation between the lateralized readiness potential amplitude and FAB 
scores suggest that altered cortical motor preparation coincides with the 
appearance of executive dysfunction in PD, (although a causative association 
cannot be demonstrated in the current study). However, it is likely that any 
superimposed executive dysfunction in PD would stress these limited resources 
further, increasing the likelihood of motor breakdown in conflict or dual-task 
situations, resulting in FOG.  
We have previously shown relative sensory processing differences in PD which 
correlated with disease duration and FOG status (Fearon et al., 2015). Here, we 
have described a marker of differences in motor preparation with respect to FOG 
status even in the absence of differences in standard clinical measures of motor 
processing (reaction time and UPDRS). Taken together our findings strive to 
explore sensitive and subtle sensory and motor biomarkers of PD and FOG for 
early intervention, even possibly in the preclinical phase of the disease. 
 
 
4.7. Limitations and Future Work: 
The sample size in the current study is small and the gender imbalance between 
groups may have contributed significantly to the results. Future work should 
include examining the effect of dopaminergic therapy on the above findings. All 
patients were tested in the “on”-medication state. Although there were no 
differences in medication doses or timings between groups, it would be 
necessary to confirm these findings off medication. The task used in this study is 
simple, and not directly related to gait. However, the findings highlight abnormal 
movement preparation, even for a simple movement tasks. It is likely that these 
deficits are also present for more complex tasks such as gait but this should be 
confirmed with further studies. In addition, future work should consider the 
effect of deep brain stimulation on these parameters as this may shed light on 
why stimulation can relieve FOG in some patients and induce it in others. This 
paradigm could also be used to explore other disease cohorts such as patients 
with progressive supranuclear palsy and vascular parkinsonism in whom FOG 
and cognitive dysfunction occur earlier and are more common. Finally, the 
lateralised readiness potential could be a potential biomarker for predicting 
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those PD patients that will ultimately develop FOG as well as a metric for 
response to interventions for freezing. 
 
5. Conclusion: 
In summary, these results suggest that no difference in centroparietal positivity 
morphology exists between FOG+ and FOG-, implying that decision making and 
reaction time in response to sensory information is equivalent in both groups. 
However, motor preparation occurs earlier and requires greater recruitment in 
FOG+ suggesting that this may be the primary deficit in FOG. These motor 
preparation differences occur even when overall motor performance is 
equivalent but probably overload frontal networks during more complex tasks. 
There is a significant difference in FAB scores between FOG+ and FOG-, which 
correlates strongly with the amplitude of the lateralized readiness potential, 
highlighting the important interaction of executive dysfunction and motor 
preparation in the evolution of FOG.  
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Figure Captions 
 
Figure 1. Decision Making. The mean and standard error of the mean of the 
target (red) and standard (green) average CSD response of three electrodes 
(corresponding to A2, A3 and A4 in the 128 Biosemi ABC electrode layout) over 
central parietal scalp (indicated by the blue dots in the top down head 
schematic) for A. the FOG- group and B. the FOG+ group. The solid black line 
indicates the stimulus onset, the dashed vertical lines indicate the mean 
response time for the FOG- (blue) group and FOG+ (grey) group. FOG- = People 
with Parkinson’s disease without FOG; FOG+ = People with Parkinson’s disease 
with FOG. 
 
 
Figure 2. Motor preparation and decision making. A. Upper plot: Mean and 
standard error of the mean of the lateralized readiness potential current source 
density (CSD) calculated by subtracting the average activity of three electrodes 
over the left frontocentral area (three green electrodes corresponding to D3, D4 
and D5 in the 128 Biosemi ABC electrode layout) from the right frontocentral 
(three red electrodes corresponding to C3, C4 and C5 in the 128 Biosemi ABC 
electrode layout) area for the FOG- (blue) group and FOG+ (grey) group. Lower 
plot: Mean and standard error of the mean of the difference between the CSD 
waveform for the target stimulus (rotated green cross presented for 500msecs) 
and standard stimulus (vertical green cross presented for 500msecs) over 
central parietal scalp (blue dots) for the FOG- (blue) group and FOG+ (grey) 
group. The solid black line indicates the stimulus onset, the dashed vertical lines 
indicate the mean response time for the FOG- (blue) group and FOG+ (grey) 
group. The dots at the bottom of the graph indicate individual time points of 
statistically significant differences between the groups in the LRP waveform. B. 
The mean CSD scalp distribution for the FOG- (top) group and FOG+ (bottom) 
group. C. The mean scalp distribution for the FOG- (top) group and FOG+ 
(bottom) group using the standard event-related potential (ERP) method for 
comparison. FOG- = People with Parkinson’s disease without FOG; FOG+ = 
People with Parkinson’s disease with FOG. 
 
Figure 3. Relationship of lateralized readiness potential (LRP) amplitude and 
frontal assessment battery (FAB) score. Scatterplot displays on the x-axis FAB 
score and on the y-axis the mean amplitude of the LRP from 454ms to 654ms. 
Each circle represents a person with Parkinson’s disease, the solid line indicates 
the significant regression fit for the data. 
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Motor Preparation Rather Than Decision-Making Differentiates 
Parkinson’s Disease Patients With And Without Freezing of Gait 
 
Objective: Freezing of gait (FOG) is a brief, episodic phenomenon affecting over 
half of people with Parkinson’s disease (PD) and leads to significant morbidity. 
The pathophysiology of FOG remains poorly understood but is associated with 
deficits in cognitive function and motor preparation.  
 
Method: We studied 20 people with PD (10 with FOG, 10 without FOG) and 
performed a timed response target detection task while electroencephalographic 
data were acquired. We analysed the data to detect and examine cortical 
markers of cognitive decision making (P3b or centroparietal positivity, CPP) and 
motor readiness potential. We analysed current source density (CSD) to increase 
spatial resolution and allow identification of distinct signals. 
 
Results: There was no difference in the P3b/CPP response between people with 
PD with and without FOG, suggesting equivalent cognitive processing with 
respect to decision-making. However, the FOG group had significant difference 
with an earlier onset and larger amplitude of the lateralized readiness potential. 
Furthermore, the amplitude of the lateralised readiness potential correlated 
strongly with total Frontal Assessment Battery score. 
 
Conclusions: The difference in lateralized readiness potentials may reflect 
excessive recruitment of lateral premotor areas to compensate for dysfunction of 
the supplementary motor area and resultant loss of automatic motor control. 
This early, excessive recruitment of frontal networks occurs in spite of 
equivalent motor scores and reaction times between groups.  
 
Significance: The saturation of frontal processing mechanisms could help explain 
deficits in attentional set-shifting, dual-tasking and response inhibition which 
are frequently reported in FOG. 
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